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Rationale: There is growing evidence that alveolar eel! apoptosis 
plays an important role in emphysema pathogenesis, a chronic 
inflammatory lung disease characterized by alveolar destruction. 
The association of «, -antitrypsin deficiency with the development of 
emphysema has supported the concept that protease/antiprotease 
imbalance mediates cigarette smoke-induced emphysema. 
Objectives:SNe propose that, in addition to its antielastolytic effects, 
{^-antitrypsin may have broader biological effects in the lung, pre- 
venting emphysema through inhibition of alveolar cells apoptosis. 
Methods, Measurements, and Main Results: Transduction of human 
a: r antitrypsin via replication-deficient adeno-assodated virus atten- 
uated airspace enlargement and emphysema caused by inhibition 
of vascular endothelial growth factor (VF.GF) receptors with SU5416 
in mice, a mode! of apoptosis-dependent emphysema lacking neu- 
trophilic inflammation. The overexpressed human serine protease 
inhibitor accumulated in lung ceils and suppressed caspase-3 
activation and oxidative stress in lungs treated with the VEGF 
blocker or with VEGF receptor- 1 and -2 antibodies. Similar results 
were obtained in SU5416-treated rats given human arantitrypsin 
intravenously. 

Conclusions: Our findings suggest that inhibition of structural alveo- 
lar cell apoptosis by (^-antitrypsin represents a novel protective 
mechanism of the serpin against emphysema. Further elucidation of 
this mechanism may extend the therapeutic options for emphysema 
caused by reduced level or loss of function of «, -antitrypsin. 

Keywords: antiprotease; caspase; chronic obstructive pulmonary 
disease; oxidative stress; serpin 

Significant reductions in serum level of human a, -antitrypsin 
(hAl AT), a serine protease inhibitor (serpin) with potent inhibi- 
tory activity against neutrophil elastase, have been associated 
with the development of emphysema (T), a chronic obstructive 
pulmonary disease characterized by permanent destruction of 
the airways distal of the terminal bronchioles (2). AlAT defi- 
ciency occurs from the inheritance of two protease inhibitor 
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deficiency alleles from the Al AT locus (designated Pi), predomi- 
nantly in persons of European origin (3). Emphysema is the 
most prevalent clinical feature associated with AlAT deficiency 
and the primary cause of death. The main risk factor for emphy- 
sema in patients with AlAT deficiency is cigarette smoking, 
which triggers the disease decades earlier than in "usual" patients 
with chronic obstructive pulmonary disease with normal serum 
AlAT levels. Because AlAT is an effective elastase inhibitor, 
emphysema is believed to occur as a result of increased, unop- 
posed destruction of lung matrix by smoking-activated neutro- 
phil elastase/proteinase-3 (4). This paradigm leads to the intro- 
duction of systemic supplementation with AlAT, which slows 
the decline in lung function in these patients (5). 

It is becoming increasingly evident that other mechanisms, 
in addition to matrix proteolysis induced by neutrophil elastase 
and other matrix proteases, are implicated in the development 
of emphysema, such as oxidative stress and apoptosis of alveolar 
septal cells (6). Understanding how these mechanisms are af- 
fected by serpins may provide more effective therapeutic inter- 
ventions needed to halt the lung destruction in patients with 
emphysema. Decreased function or availability of AlAT in the 
lung may be common to deficiency states due to genetic muta- 
tions or post-translational modifications such as oxidation from 
cigarette smoke (7, 8). 

Presently, a mouse knockout model for hAl AT deficiency is 
not available. Nevertheless, there is evidence that mouse strain 
susceptibility to cigarette smoke-induced emphysema (9, 10) 
correlates inversely with AlAT levels in the bronchoaiveoiar 
lavage (B AL) (11), it! that even a 40% reduction of BAL Al AT' 
renders C57B1/6J mice sensitive to smoking-induced inj ury, when 
compared with more resistant strains ICR and DBA. Further- 
more, the pallid mouse, characterized by low AlAT serum levels, 
develops spontaneous emphysema worsened by cigarette smoke 
(11, 12), closely resembling AlAT deficiency. 

The role of apoptosis in alveolar destruction was uncovered in 
experimental emphysema caused by vascular endothelial growth 
factor receptor (VEGFR) blockade (13), followed by documen- 
tation of critical elements of the apoptosis hypothesis in Lungs of 
patients with emphysema (14, 15) and in experimental cigarette 
smoke-induced emphysema (16, 17). Furthermore, novel roles 
for AlAT are becoming evident, including inhibition of apopto- 
sis in models of ischemia-reperfusion injury (13, 19) and serum 
deprivation injury (20), in liver, kidney, and cell-culture studies. 
However, in these models, one cannot discriminate between a 
direct effect of AlAT on apoptosis and an indirect effect against 
excessive inflammation or serum deprivation, respectively. To 
investigate whether AlAT exerts an antiapoptotic, protective 
effect on pulmonary alveolar cells, our experimental approach 
relied on emphysema caused by VEGFR blockade in the C57; 
B16 mouse. Using this noninflammatory model of emphysema, 
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we explored the effect of AlAT on apoptosis independent of 
its role in curbing inflammation and neutrophil elastase activity. 
Our results implicate an antiapoptotic effect of AlAT in alveolar 
cells. Some of the results of these studies have been previously 
reported in abstract form (21-23). 

METHODS 

Chemicals and reagents were from Sigma- Aidricb (St.I.ouis, MO), un- 
less otherwise specified. Animal studies were approved by the Animal 
Care and Use Committee of Johns Hopkins University and University 
of Colorado Health Sciences Center and performed on male C57BI/6 
mice (3 mo old; Jackson Laboratory [Bar Harbor, ME]) or Sprague- 
Dawley rats (n = 4-6/group). 
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was transfected into 293 cells and medium containing mAlAT tested 
by immunoblot. 

Rabbit anti -mouse AlAT antiserum was raised against ail isoforms 
of mouse AlAT, by synthesizing and injecting a short peptide (15 aa) 
representing a conserved surface region of mAlAT into rabbits. 

A sandwich ELISA assay detected hAl AT (24), and Western blot- 
ting was performed as described (29). 

Statistical analysis was performed with SPSS software (SPSS, Inc., 
Chicago, IL) using unpaired Student's t test or one-way analysis of 
variance with Student -Newman -Keuls post hoc lest. Statistical differ - 
ence was accepted at p < 0.05, 
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Figure 1 , Enhanced expression levels of human «, -antitrypsin 
(hAIAT) in the mouse lung and serum after adeno-associated 
virus (AAV) transduction. (A) hAIAT transduced by intratra- 
cheal instillation, hA1 AT protein measured in bronchoalveolar 
lavage (BAL) and serum by ELLSA 4 wk after hAIAT -AAV 
(n = 8) or empty virus (c-AAV, n = 8) transduction and 
SU541 6 (vascular endothelial growth factor receptor inhi- 
bition [VEGFR-inh], 20 mg/kg subcutaneous!)') or vehicle 
control (Cti) administration (*p < 0,01). (B) hAIAT trans- 
duced by intramuscular hAIAT expression by immunohis- 
tochemistry (brown, arrows; bar = 50 \x,m) in mouse lung 
3 wk after hA1 AT -AAV transduction and VEGFR-inh admin- 
istration (n - 4/group). (C) Alveolar coiocalization of 
hAIAT (in green) with alveolar cell-specific markers (in red, 
arrowheads): CD34 (endothelial cells), surfactant protein 
C (SPC; type II epithelial cells), or smooth muscle actin 
(SMA; interstitial myofibroblasts) in mice transduced with 
intramuscular hAIAT-AAV and treated with VEGFR-inh. 
Note coiocaiization in endothelial, epithelial, and interstitial 
fibroblasts (in yeBow, arrows). Controls: (upper panei. nega- 
tive control) hAl AT + VEGFR-inh-treated lung stained with 
goat serum and (lower panel, positive control) human liver 
with AT AT deficiency stained with hAIAT antibody. Note 
intense homogenous!)- and granular fluorescence staining 
in hepatocytes, the latter representing polymerized MAT, 
characteristic of A1AT deficiency (bars - 100 u.m: nuclei 
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To ensure that the antiapoptotic effect ol hAIAT was unrelated 
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biue, 4,6 diamidino-2 pheylindoie [DAP!]). (D) Endogenous 
mouse Al AT levels in the lung and liver iysates by Western 
blotting with a specific: mouse A1AT antiserum. Controls 
are purified hAIAT protein and mA1AT (recombinant 
mouse Al AT). Note the lack of significant increases in the 
mouse A i AT in response to hM AT-AAV injection compared 
with empty virus-treated animals. 
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bination, the VEGFR-blocking antibodies induced significant 
alveolar cell apoptosis in mice ai 4 wk, hAIAT overexpression 
via intracheai hAIAT-AAV markedly protected against VEGFR 
antibody-induced lung apoptosis measured by easpase-3 activity 
assay (Figure 4A) or active casapase-3 IHC (Figure 4B). Taken 
together, these results suggest that A'lAT inhibits apoptosis in 
structural lung alveolar cells. 

hAIAT Augmentation Decreased Oxidative Stress Levels 
Induced by VEGFR Blockade 

In the VEGFR blockade model, apoptosis and oxidative stress 
mutually interact as they cause disappearance of the alveolar cells 
(27). hAIAT-AAV (intramuscular), but not c-AAV, decreased 




Petrache, Fijalkowska, Zhen, et ai: Prosurvival Roie of a, -Antitrypsin 



1225 



A 135-5 



r~i ca 

■K VEGFR-tnh > ■ 




Ci! 



Hi 



VEGFR-inh 

liiiillililii 



1 



c-AAV . hA1AT-AAV 
l.t. 

Figure 2. Protective effect of hAIAT overexpression on the alveolar space enlargement triggered by VECFR inhibition in mice, (A) Morphometric 
measurements of alveolar perimeters of VEGFR-biocked lungs performed 4 wk after the intratracheal delivery of hAlAT-AAV (median; *p < 0.05 
vs. Ctl, s p < 0.05 vs. VEGFR-inh). (6) Representative histology after intratracheal transduction of hA 1 AT -AAV and VEGFR inhibitor SU5416. Note 
tfie alveolar space enlargement induced by the VEGFR blockade (arrows; bars = 50 urn) and attenuation by hAIAT -AAV. 



levels of reactive oxygen species assessed by nitrotyrosine and 
4-hydroxynonenal expression (Figures 5A and 5B). Consistent with 
enhanced reactive oxygen species production, the VEGFR inhibi- 
tion caused an increased lung catalase activity, which was attenu- 
ated by hAIAT overexpression (intratracheal; Figure 5C). 



Our studies support a novel antiapoptoiic function of hAIAT in 
the lung, uncoupled from its in hibition of neutrophii-generated 



serine proteases, and provide the framework for future studies 
addressing how Al AT is internalized in alveolar cells and inhib- 
its alveolar structural (noninflammatory) cell apoptosis. 

Prior experimental evidence of protection afforded by 
hAIAT to cigarette smoke exposure --induced lung injury (33) 
and liver and kidney ischemia-reperfusion injury (18, 19) could 
not dissect the particular contribution of a direct prosurvival 
effect of hAIAT vis-a-vis its effects on neutrophil elastase. Our 
experimental approach allowed us to demonstrate that the pro- 
tection of hAIAT against apoptosis-dependent emphysema was 
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Figure 4. Eifect of hAIAT on VEGFR antibody-induced apoptosis in 
mice. (A) Lung caspase-3 activity (+ SEM; p <- 0.05 vs. CU* and vs. 
VECPR-infi*) and (B) active caspase-3 expressing cells (immunohisto- 
chemistry), positive cpf normalized by total number oi DAPI-stained 
nuclei in mouse alveoli at 4 wk after intratracheal transduction of 
c-AAV or hAIAT-AAV and VEGFR inhibition with a combination of 
VECFR-1 and -2 neutralizing antibodies (DC1 01 and MF1 , respectively) 
or Ctl (rat IgC; mean + SD; *p < 0.05), 4 vvk after DC! 01 and MF1 
(VEGFR neutralizing) antibody administration (800 u.g thrice weekly 
intraperitoneaiiy; n - 3 in control groups, n = 4 in treatment groups). 



achieved by hAIAT overexpressed either systemicaHy or locally 
in lung. Because hAIAT supplementation was required io block 
apoptosis of alveolar cells, it became apparent that endogenous 
A1AT could not rescue the apopiosis and oxidative stress caused 
by emphysema triggers. Similar implications are derived from 
findings that even mild decreases in serum A1AT characteristic 
of Pi MZ individuals may increase their risk of lung disease (34, 
35), and thai impaired A1AT function (despite normal serum 
levels) from post-transiationai modifications by free radicals 
may contribute to acquired emphysema due to cigarette smoking 
(7, 8). Although our study was not specifically designed to test an 
hAIAT dose response against apoptosis-dependent emphysema, 
we observed clear beneficial effects of hAIAT at concentrations 
of up to 30 jxg/mi. We noticed enhanced intracellular accumula- 
tion of hAIAT in septal cells (Figure 1), despite serum increases 
of only up to 1% of predicted mouse serum A1AT levels. It is 
conceivable thai the intratracheal instillation resulted in alveolar 
cell AAV infection arid intracellular accumulation of hAIAT. 
Because intramuscular or intravenous administration afforded 
similar lung protection, hAIAT may be preferentially internal- 
ized by alveolar cells as compared with mouse A 1 AT. This might 
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figure 5. Lung antioxidative 
effects of h.AI AT augmentation 
in the VEGFR blockade and 
caspase-3 instillation models, 
(A-B) Intramuscular trans- 
duction of hAIAT-AAV in the 
SU541 6 -treated mouse. (A) Rep- 
resentative immunohistochem- 
istry (IHC) of nitrotyrosine (in 
brown, arrow, upper panel; bar = 
50 ij.m) and 4-hydroxy-nonena! 
(in red, arrows, lower pane! and 
inset) expression at 3 wk VEGFR 
blockade. (8) Nitrotyrosine ex- 
pression (cpf by IHC, mean + 
SD; *p < 0.05 vs. Ctl »p < 0.05 
vs. VEGFR-inh. (C) intratracheal 
transduction of hA1 AT-AAV 
in the SU54'!6-treated mouse. 
Lung catalase activity 4 wk 
after VEGFR-inh administration 
(mean + SEM; *p < 0.05 vs. Ctl 
s p < 0.05 vs. VEGFR-inh). 
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st'ess fiom VbGbK Mociade mav induce ioeah/ed deueases 
m mouse A1AJ actiMty o< ibtiaccihilai av nlabnVv 

Oui findings bidden tlie lung piotective toies ol A1AJ 
bejond. 'Is elicels on ncuttopini ehstase to include cpoptos.s 
blockade A1A1 is itnoiH' seveiai scium ptotcitis thed can lescue 
semtnw ithdiaw il-mduced apoptosis (20) sugoestibg a toioc pi o- 
su'vnal etlcets of A1AJ c\eitedbv a jet unknown mechanism 
Vvheb mai\ 'cd m the context oi impuM-hed oSeiVc-tioi.-. of 
dnect tntci iction between UAlAl and active caspase 5 in mOc 
( °) the i:i \hc mltc-poplolic e fleets of I.AIA1 may be dueet, 
mtiaeelinlai md mediated b\ specinc ndeiaebons with active 
cispc.se 01 apoptosis as vie toutid m a parallel 3i t e ot inves- 
tigation oi the mechabism-. involved m c ispc.se ■nhihition 
of hAl \{ (Petiachc and colleagues unpuM.shed m imisctipt 
2(»)6 1 these fitidinus aignc aoamst a dnect efieel spceifrealh 
linked to VKibk Mockadc initialed vasculai nijuiv thtee 
olhei scipms povaius Omi'V i '9} the ebdoocnous piotcina->e 
mhibito'- 0 (4(0, and plasminogen activaoi mhibitoi npe-1 (41), 
tnvc keel. shown to be endogenous caspase inliibdois \d then 
meclicifsm oi iction icmains unknown BoM-hde iiamnalnn 
iniiildois of caspase-^ such as the iniiildoi oi apoptos.s XI AP 
shaieihe B3k2 domain, winch !•> sttuctuicdlv unielaled to -VlAl 
(Nt B3 1 .last) SimiiatH, a piosm\ i\ at el feet of hansduced A 1 A 1 
nic-% ocelli va inhibition of intiacelluiat senne pioteases imph 
cated in cpoptosi-. (42) Althoutdi oui mam hvpothesis is that 
ihe piotection cd folded k\ the AtAl ani'mcntation against o'« 
diti\e st'ess is explained k\ o tcduebon m the bus den oi apo- 
ptotic cells m the lung a dnect antioMditne sjtcss eficd of 
Ai <VI enmotbe excluded (sre the mcteasc n. biselme catalase 
activity observed with the hAlAL-AAV m figure 5). 

<Vt. impottfiit dcneiopmeul fioin oui Mudiesw ih kc the inves- 
tigation oi mechanisms by which AI At (native oi polvmci./ed) 
ehcits tntiacellulai tespoi.ses in cells othe' ihiu iiepctocvtes 
(the nia]oi synthetic souice of A1AE) the nonsetpm adioi^ 
t'ihAlAl niivunolveieceptoi dependent atid/oi independent 
eilec's and f>e yn\ oi i grovving ntnet mti<j',etlukji a.Jtoii, m 
volved m ceil signaling as oui lesulfs imph m icll pioieciion 
Although ihc lung if ell is not a maioi -ounx oi AlAI synthesis 
local production or accumulation ol AI AT (43 ) may exert impor- 
tant roles in the maintenance of alveolar cell survival. 

There is increasing evidence of novel biological eftects ol 
Ai AI bejond its inhibition of elaMolvsis Mich as .nhibition 
of piomfiamn. itoiv ic->ponse (44i ai.d based on oui s1ud.es <■•> 
inhibition oi lung siiucimai cell apopiosis po>s.bly mde[>en- 
dent of its mhiWoiv eiiet's oil ne'itio^hil eias'ase tiiese 
■ ■lot.etfie' ol A1A1 may bmjdtn ns iok m the lung tnutuial 
maintenaiice its impact m eniplAscma devcloi.meut anci m sys- 
temic diseases ,Jso chatacteuzed l>\ mflammafioii oxidative 
stress, and apoptosis. 
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